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Introduction
A new horizon in the technological application of materials has been opened by the advisable and smart utilization of nanostructures [1] [2] [3] . Recently, researchers have paid much attention to the boron nitride (BN) and its associated low dimensional nanostructures [4] [5] [6] . BN nanomaterials possess many attractive properties for potential applications, such as good optical [7] and mechanical properties [8, 9] , high oxidation resistance [10, 11] , large thermal conductivity [12, 13] , low dielectric constant [14, 15] , special surface wettability [16, 17] , chemical inertness [18] and negative electron affinity [19] . As a well-known nonoxide ceramic, BN exists in various crystalline forms that are isoelectronic to the similarly structured carbon lattice. These forms include hexagonal BN (h-BN), cubic BN (c-BN), rhombohedral (r-BN), and wurtzite BN (w-BN). In addition, BN has another partially disordered phase which is called turbostratic BN (t-BN). The structure of t-BN is formally analogous to that of turbostratic carbon and can be regarded as intermediate between h-BN and amorphous BN [20, 21] .
In the past few years, great attention has been paid to t-BN due to its interesting properties.
Yang et al. find that t-BN based films show peculiar polymer-like time-dependent deformation characteristic [20] . This unique feature makes t-BN based films be able to recover completely with hysteresis, even when pressed to the maximum depth of about 20% of the film thickness [20] . Lian et al. announce that the t-BN has a wide band gap of about 6.0 eV [21] . Generally, t-BN has been proposed as an intermediate phase during pressure-less sintering of h-BN and preparation of c-BN. Therefore, t-BN is more active than h-BN and c-BN due to its incomplete A C C E P T E D M A N U S C R I P T 3 crystallinity [22, 23] . Additionally, hexagonal boron nitride nanosheets (h-BNNSs) which are structurally analogous to graphene have also attracted considerable attention as one of the most popular representative two-dimensional (2D) materials recently [24] . Due to the outstanding properties and various promising applications of h-BNNSs, a rapid development has been made in the fabrication of them. Diversification of fabrication methods, such as mechanical cleavage [25] , mechanical/chemical peeling [26] [27] [28] , chemical vapor deposition (CVD) [29] [30] [31] , highenergy irradiation [32] , direct reaction of boric compounds [33] , unwrapping nanotubes [34] , substitution reaction of graphite [35] , chemical synthesized route [24] , have been reported in the past decades. However, it can be easily found that most of the research have only been focused on the fabrication and application of 2D h-BNNSs [11] [12] [13] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , and few reports are related to the h/t-BNNSs. Herein, consideration of the outstanding properties of h-BNNSs and t-BNNSs, we report a route of large-scale fabrication of novel 2D h/t-BNNSs via a facile chemical foaming process. Field emission scanning electron microscopy (FESEM), high resolution transmission electron microscopy (HRTEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) are employed to investigate the morphology, structure, composition and bonding state of the assynthesized products. The growth mechanism of h/t-BNNSs is also discussed based on the XRD, HRTEM, EDS and thermogravimetric analysis (TGA) results. Finally, the h/t-BNNSs are further utilized for making h/t-BNNSs/epoxy resin composites and the thermal conductivity of the h/tBNNSs/epoxy composites with different h/t-BNNSs contents is also investigated.
Experimental
Ammonia borane (AB), which was synthesized according to the procedure reported in previous literature [41] , was selected as precursor. All chemicals used for the fabrication of AB
including sodium borohydride, ammonium formate and 1,4-dioxane were of analytical grade and used without further purification. The AB synthesized was purified by ether following dried at room temperature. After being dried, 2 g of AB were put into a small boat which was made of graphite paper. The boat was then transferred into a tube furnace for further thermal pyrolysis.
The AB was thermally pyrolysed respectively at 1200°C and 1400°C with a heating rate of 10 °C min -1 , and the thermal pyrolysis time was set to 60 min. Finally, the as-obtained products were The h/t-BNNSs/epoxy resin and BN powder/epoxy resin composites were prepared as follows:
firstly, the epoxy resin which had been preheated to 60 ℃ was added into the homogeneous suspensions of h/t-BNNSs/butanediol and BN powder/butanediol under violent stirring, respectively. Then, ethylenediamine and tributyl phosphate, used as curing agent and defoaming agent respectively, were respectively added into the h/t-BNNSs/epoxy resin/butanediol and BN
powder/epoxy resin/butanediol suspensions, following defoamed for 20 minutes in a vacuum drying oven at the temperature of 60 ℃. Finally, the suspensions were poured into a mould to fabricate h/t-BNNSs/epoxy resin and BN powder/epoxy resin composites.
Results and discussion
Fig . 1 shows the photograph and FESEM images of the as-synthesized products.
Generally, the yield per single synthesis run depends on the amount of precursor used in the synthesis process. In current case (2 g of AB), more than 0.8 g of snow-like product can be successfully synthesized per single synthesis run as shown in Fig. 1a . Obviously, the nanosheets are not completely flat, but exhibiting typical crumpled structure.
The XRD pattern taken from the as-synthesized nanosheets is shown in Fig. 2a . Two diffraction peaks with 2θ at 26.2° and 44.2° can be observed. These peaks respectively correspond to the (002) and (100) planes of h-BN (JCPDS card 34-0421). Noticeably, both of the peaks show markedly broadened width compared with those of bulk BN powders, indicating that the as-synthesized nanosheets are thin layers with some disordered structure inside [36] . [42] . In addition, the signal of O element in EDS and XPS spectra can be attributed to the oxygen contamination or CO 2 absorbed on the sample surface. And the signal of carbon observed in the XPS spectrum can be ascribed to the CO 2 absorbed on the sample surface or the carbon from the small boat made of graphite paper which is used as container in the thermal pyrolysis process. Therefore, combining all the results of XRD, FTIR, SEM and TEM analysis, it can be concluded that the as-synthesized nanostructures are h/t-BNNSs.
To clarify the growth mechanism of the h/t-BNNSs, the decomposition process of the precursor is investigated. TG-DSC profile of AB shown in our previous work ( Figure S1 , Supporting Information) indicates that the thermal decomposition of AB mainly occurs before 200 °C, then AB will experience a mild process rather than fierce decomposition after 200 °C [43] . To further reveal the structure evolution of AB during the thermal decomposition process, XRD analysis is performed on the original AB and thermal pyrolysis product at 200 °C, as shown in Fig. 5 . (Fig. 2a) is precisely caused by the residual of the amorphous phase during the crystallization process.
Based on the analysis of the above-mentioned characterization and consideration, a two-step growth mechanism for the formation of h/t-BNNSs is proposed as schematically illustrated in ( Fig. 6a and 6b ). When the temperature further increases in the second stage (200-1400 °C), a crystallization process will happen and this process will convert the amorphous phase (the products produced in the first stage) into amorphous/crystalline BN nanosheets (Fig. 6c) . The intermediate products synthesized under 1200 ℃ are also examined by XRD, SEM, TEM and EDS analysis for clarification as presented in Fig. 7 and Fig. 8 . At 1200 ℃, a high yield of intermediate nanosheets are also obtained as shown in Fig. 7a . The XRD pattern (Fig. 7b ) of these as-synthesized nanosheets also displays two peaks which can also be well indexed as h-BN phase. However, the width of both peaks becomes wider compared with those obtained from the h/t-BNNSs synthesized at 1400 ℃ (Fig. 2a) , indicating a lower crystallinity of the BN nanosheets synthesized at 1200 ℃. The typical TEM images ( Fig. 8a and 8b ) of the assynthesized BN nanosheets show that the nanosheets comprised nanoparticles. This was quite different from that of h/t-BNNSs synthesized at 1400 ℃. The SAED pattern and HRTEM image clearly illustrate that the nanosheets synthesized at 1200 ℃ are not crystallized as well as those synthesized at 1400 ℃, although the atomic ratio of B:N is close to 1:1 (Fig. 8d) . This result well verifies above-mentioned growth mechanism of h/t-BNNSs which will experience an amorphous growth process in the second stage.
Our work demonstrates that h/t-BNNSs can be synthesized by the simple thermal pyrolysis of AB, providing a rather facile route to fabricate this 2D BN nanomaterial. Similarly, Wang et. al.
also conducted the AB pyrolysis experiment and reported that atomically thin (one-to-few atomic layers) free-standing h-BNNSs rather than h/t-BNNSs were obtained [44] . The reason that results in such difference including morphology and structure in the final products can be ascribed to the milder heating rate which was changed from 30 °C min -1 to 10 °C min -1 in our study. And in our previous study, we also found that crystallized BN nanoplates could be obtained with the heating
rate of about 50 ℃ [43] . We believe that this difference is also caused by the different heating rate, because low heating rate leads to a long heating time, which will cause more disordered structure formed during the heating process. It is also interesting to find the reason why the Therefore, it is reasonable and advisable to conclude that AB transforms into BNNSs.
The utilization of h/t-BNNSs as filler to improve the thermal conductivity of the polymers is also investigated. As shown in Fig. 9a , the thermal conductivity of the thermoconductive composites obviously increases with the increase of h/t-BNNS mass fraction in the composites at the measurement temperature of 25 C. And it can also be easily found that the thermal conductivity of the composites with the h/t-BNNSs as filler is superior to the composites with the BN powders (purchased in the market) as filler when the h/t-BNNSs and BN powders possess the same mass fractions (6 wt%) in the composites (Fig. 9b) . Combining the unique properties of boron nitride, these novel h/t-BNNSs are envisaged to be very valuable for future high performance polymer based materials preparation.
Conclusions
In summary, we have developed a new method to scale-up synthesis of h/t-BNNSs by using AB as precursor. This method has the advantages of being simple and hav ing a high 
